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Hypospadias is one of the most common congenital anomalies in the United States, occurring in approximately 1 in 125 live male births.
It is characterized by altered development of the urethra, foreskin, and ventral surface of the penis. In this review, the embryology,
epidemiology, risk factors, genetic predisposition, and likely candidate genes for hypospadias are described. Recent reports have identified
increases in the birth prevalence of mild and severe forms of hypospadias in the United States from the 1960s to the present. Studies in
consanguineous families and small case series have identified allelic variants in genes controlling androgen action and metabolism that
cause hypospadias, but the relevance of these findings to the general population is unknown. Concern has also focused on whether
exposure to endocrine disrupting chemicals (EDC) with antiandrogenic activity is the cause of this increase. Hypospadias is believed to
have a multifactorial etiology in which allelic variants in genes controlling androgen action and metabolism predispose individuals to
develop this condition. When genetic susceptibility is combined with exposure to antiandrogenic agents, a threshold is surpassed, resulting
in the manifestation of this birth defect. A clear role for exposure to antiandrogenic environmental chemicals has yet to be established in
the etiology of hypospadias, although results from laboratory animal models indicate that a number of environmental chemicals could be
implicated. Molecular epidemiology studies that simultaneously examine the roles of allelic variants in genes controlling androgen action
and metabolism, and environmental exposures are needed to elucidate the risk factors for these anomalies and the causes of the increased
rate of hypospadias. Birth Defects Research (Part A) 67:825–836, 2003. © 2003 Wiley-Liss, Inc.

INTRODUCTION
Molecular Epidemiology of Birth Defects

Recent epidemiologic approaches have utilized molecu-
lar tools to identify interactions between genetic and envi-
ronmental factors in the causation of complex diseases.
Many single gene disorders are characterized by a low
frequency of the disease allele in the general population
and high penetrance (i.e., a large proportion of individuals
with the disease allele develop the disorder). The suscep-
tibility genes for these single gene disorders are usually
rare in the general population (allele frequency �1%), typ-
ically demonstrate Mendelian patterns of inheritance, and
are associated with high disease risk (Rothman et al., 1995).
From over 2000 likely single gene birth defect syndromes
in humans, the gene has been isolated in only 5% and
mapped in a further 5% (Winter, 1996). By comparison, in
the mouse there are approximately 500 spontaneously oc-
curring single gene defects associated with birth defects;
approximately 15% of these genes have been found, and
over 80% have been mapped in the mouse. Despite the
availability of mouse mutants and the identification of
genes that are important in the development of worms,
flies, frogs, and fish, the study of genes and human birth
defects has not received comparable experimental atten-

tion. However, genes that have been identified as impor-
tant for morphogenesis in these experimental species pro-
vide a rich source of information about potential
susceptibility genes in humans.

Multifactorial disorders, in contrast, are characterized by
high levels of genetic complexity and probable gene-by-
environment interactions (Ellsworth et al., 1997). Although
they are not usually inherited in a simple Mendelian fash-
ion, multifactorial disorders tend to aggregate within fam-
ilies. Susceptibility genes for multifactorial disorders tend
to be common in the general population (allele frequency
�1%), and are usually associated with a low risk for com-
plex disease. However, these susceptibility genes may in-
teract with specific environmental factors to produce a
markedly increased risk of disease. In this review we use
the term “allelic variants” to describe both common and
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rare mutations in genes associated with the birth defect
hypospadias. This condition is governed by a spectrum of
genetic and environmental factors. There have been re-
ports of an increased prevalence of hypospadias and other
disorders of the male genital tract due to environmental
exposure to xenoestrogens and/or antiandrogens (Sultan
et al., 2001). The purpose of this review is to examine the
literature on known genetic and environmental risk factors
for hypospadias, and to make recommendations as to what
types of studies are needed to identify the causes of the
increased prevalence of hypospadias.

Embryology of Hypospadias
The term “hypospadias” refers to an opening on the

ventral side of the penis, while “epispadias” is an opening
on the dorsal side. Hypospadias denotes a condition in
which the urethra has failed to completely form, and is
often associated with a ventral curvature of the penis
(chordee) (Fig. 1). Hypospadias is classified according to
severity. The first degree is the mildest form, and the
urethra opens on the anterior portion of the penis (glan-
dular and subcoronal; see Fig. 2). The second degree is
more severe and involves openings on the midshaft of the
penis (Fig. 3). The third degree is the most severe and
involves posterior penile, penoscrotal, scrotal, and perineal
openings (Fig. 4). First-degree hypospadias accounts for
approximately 50% of cases, second-degree for 30%, and

third-degree for 20% (Fig. 5) (Levitt and Reda, 1988; Duck-
ett and Baskin, 1996).

The development and elongation of the phallus occurs
between weeks 8 and 14 of prenatal life under the influence
of the androgens testosterone (T) and 5�-dihydrotestoster-
one (DHT), which are synthesized in response to a surge of
luteinizing hormone (LH) from the fetal pituitary (Moore,
1988; Bingol and Wasserman, 1990). At the end of the third
month, the urethral folds close over the urethral plate to
form the penile urethra. The urethral canal does not extend
to the glans, or the tip of the phallus, until the fourth
month, when ectodermal cells derived from the tip of the
glans penetrate inward and form a short epithelial cord
(Van der Werff et al., 2000). The penile urethra forms as a
result of the medial edges of the endodermal urethral folds
fusing to form the median raphe (Baskin, 2000).

The diagnosis of hypospadias is apparent on examina-
tion of newborns. The incomplete formation of the prepuce
with an excess dorsal hood leads to an immediate recog-
nition of the defect. A diagnosis of hypospadias can be
made by prenatal ultrasound, and typical findings are a
wide distal end of the penis that correlates with the excess
dorsal prepuce (Duckett and Baskin, 1996). The only treat-
ment for hypospadias is surgical repair, and reconstruction
generally involves a single outpatient procedure per-
formed after 6 months of age. Considerable advances have
been made in surgical repair procedures for hypospadias,
and there is an excellent prognosis for good cosmetic and
functional results in infants with all degrees of hypospa-
dias (Duckett and Baskin, 1996).

Figure 1. Example of ventral chordee associated with hypo-
spadias.

Figure 2. Anterior hypospadias at the coronal margin.

Figure 3. Middle hypospadias on the penile shaft.

Figure 4. Posterior hypospadias at the level of the perineum.
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Undescended testes (cryptorchidism) and inguinal her-
nias are urogenital anomalies that are most commonly
associated with hypospadias. In one series, 9.3% of hypo-
spadias patients had undescended testes (Khuri et al.,
1981). There was a 5% incidence of undescended testes
with first-degree, 6% with second-degree, and 32% with
third-degree hypospadias. The overall occurrence of ingui-
nal hernia associated with hypospadias is estimated to be
9%, but with third degree hypospadias the occurrence can
be as high as 17% (Khuri et al., 1981). Congenital anomalies
not involving the urogenital tract have been found in 6.7%
of all patients with hypospadias, and primarily involve the
craniofacial, cardiothoracic, and gastrointestinal systems
and the extremities. With increasing severity of hypospa-
dias, the occurrence of associated non-urogenital anoma-
lies can reach 12.7% (Latifoglu et al., 1998).

Epidemiology of Hypospadias
Hypospadias is a relatively common congenital anom-

aly, with a birth prevalence ranging from 0.3% to 0.8% of
Caucasian male live births in the United States, and 0.05%
to 0.4% for other racial groups (Bingol and Wasserman,
1990). A greater frequency of hypospadias has uniformly
been found in Caucasians than in other races (Chavez et
al., 1988; Gallentine et al., 2001). In the 1970s and 1980s,
birth defect surveillance systems reported transient 1.5- to
2-fold increases in the prevalence of hypospadias in Nor-
way (Bjerkedal and Bakketeig, 1975), Sweden (Kallen and

Winberg, 1982), Denmark (Kallen et al., 1986), England
(Matlai and Beral, 1985), and Hungary (Czeizel, 1985).

An international study of hypospadias from seven birth
defect surveillance programs (Denmark, Hungary, Italy,
Mexico, South America, Spain and Sweden) included data
from over 7,400 cases of nonsyndromic hypospadias
(Kallen et al., 1986). Differences in prevalence rates be-
tween countries were found that could not be explained
completely by variations in case definition or different
levels of ascertainment. The inclusion of less severe forms
of hypospadias did not explain the higher rates in some
programs compared to others. In some countries there was
a 5–21% level of overascertainment due to misdiagnosis of
normal infants. Counteracting this was a 30–64% under-
ascertainment among cases severe enough to require sur-
gery. However, geographic variability in prevalence rates
could not be explained solely on the basis of ascertainment
problems. Rates based on Swedish registry data from
1973–1974 (incomplete ascertainment) were 40% higher
than rates from 1965–1968 based on hospital records and
registry data (more complete ascertainment) (Kallen and
Winberg, 1982). Consequently, hypospadias is difficult to
assess in studies utilizing data from geographically diverse
surveillance programs.

A Centers for Disease Control (CDC) study evaluated
the birth prevalence of hypospadias in the United States
from two birth defects surveillance systems: the Metropol-
itan Atlanta Congenital Defects Program (MACDP) and
the Birth Defects Monitoring Program (BDMP) (Paulozzi et
al., 1997). The MACDP is a hospital-based registry that was
initiated in 1968 and is based on case ascertainment in 22
hospitals and clinics in the Atlanta, Georgia area. The
BDMP is a population-based registry that was initiated in
1970, in which diagnoses from newborn discharge summa-
ries are collected from a nationwide sample of hospitals.
The total hypospadias rate (mild and severe) doubled in
the MACDP between 1968 and 1993 from approximately
1.5 to 3.0/1000 births, and the overall trend was statisti-
cally significant. The annual rate of increase was 2.9%, and
the overall increase occurred at a rate of 1.4% per year
among Caucasians and 5.7% per year among non-Cauca-
sians. For severe hypospadias, the rate increased three- to
five-fold (0.11–0.55/1000 births) from 1968 to 1993, and
this trend was also statistically significant. Overall, how-
ever, approximately 60% of cases could not be classified by
severity. In the BDMP, the total hypospadias rate also
doubled (2.02 to 3.97/1000 births) from 1970 to 1993, and
this trend was also statistically significant. The increase
occurred nationwide, and was highest in the Southeast and
lowest in the West.

The prevalence of hypospadias was assessed in The
Netherlands by prospective examination of newborns in
Rotterdam over a 2-year period. A total of 7292 consecutive
male births were examined for the presence of hypospa-
dias (excluding glandular cases; see Fig. 5), and rates were
increased four-fold compared to earlier time periods stud-
ied (Pierik et al., 2002). Consequently, comparable rates of
increases in the birth prevalence of hypospadias have been
seen in both the United States as well as in The Nether-
lands in studies utilizing population-based as well as hos-
pital-based epidemiologic approaches. Recommendations
have been made to investigate possible causes, including
assessment of endocrine disrupting chemical (EDC) expo-
sure (Dolk, 1998).

Figure 5. Schematic of different degrees of severity of hypospa-
dias. Anterior hypospadias is also referred to as first-degree, mid-
dle as second-degree, and posterior as third-degree.
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Risk Factors for Hypospadias
Several studies have found that male infants with hypo-

spadias have lower birth weight, shorter length of gesta-
tion and/or evidence of growth retardation in utero (Sweet
et al., 1974; Kallen and Winberg, 1982; Akre et al., 1999;
Hussain et al., 2002). The recent study by Hussain et al.
(2002) contains a systematic evaluation of all these risk
factors. A retrospective cohort study of 6,746 male infants
admitted to neonatal intensive care units (NICU) at the
University of Connecticut from 1987–2000 was conducted.
Overall, 1.66% of male infants had a diagnosis of nonsyn-
dromic hypospadias, and there was a 10-fold increase in
the birth prevalence over the 13-year period of the study.
Hypospadias was significantly more common in infants
who had poor intrauterine growth (�10th percentile) as
measured by birth weight, length, and head circumference.
The proportionate decrease in all of these growth param-
eters suggests that the primary insult occurred early, dur-
ing the first trimester of pregnancy. There were no differ-
ences between singletons and multiple-gestation births,
but the frequency was significantly higher among first-
born infants (1.9%) compared to all other infants (0.9%).
There was a higher occurrence (35%) of the more severe
forms of hypospadias (second- and third-degree) in this
study compared with other studies (13%: Avellan, 1975),
indicating that both the incidence and severity were in-
creasing over time. Common environmental factors that
had an impact on intrauterine growth and morphogenesis
of the genital tract were considered to be the cause. Expo-
sure to EDC was implicated, as significant levels were
found in aquatic life in proximity to the study site in
Connecticut. While these findings are notable, and diag-
nostic criteria for hypospadias were rigorously controlled,
the prevalence of hypospadias among infants in an NICU
environment cannot be extrapolated to the general popu-
lation.

An additional risk factor for hypospadias is parental
subfertility, which has been identified as delayed child-
bearing in several studies. A 50% increase in severe cases
has been demonstrated in children of mothers �35 years
old compared to mothers �20 years old (Fisch et al., 2001).
A correlation between paternal subfertility and increased
risk of hypospadias has also been found. Abnormalities of
the scrotum or testes (e.g., cryptorchidism, varicele, hydro-
cele, and atrophic testes) were found in 34% of index
fathers whose sons had hypospadias compared to 3% of
control fathers in a study conducted by Sweet et al. (1974).
Fritz and Czeizel (1996) found that 24% of fathers with
affected sons had signs of subfertility (such as decreases in
sperm density, motility, and morphology) that required
medical treatment, compared to 6% of controls. Subfertile
males are now reproducing at a higher rate due to im-
provements in assisted-reproduction techniques, and this
may be contributing to the increased occurrence of hypo-
spadias (Czeizel, 1985; Fritz and Czeizel, 1996).

Additional evidence that paternal subfertility is a risk
factor for hypospadias has come from studies of birth
outcome following in vitro fertilization (IVF) procedures.
A five-fold increased risk for hypospadias has been found
in infants conceived by IVF procedures in the Greater
Baltimore Medical Center as compared to statewide inci-
dence figures in Maryland (Silver et al., 1999). These find-
ings have been confirmed in subsequent studies using the
Swedish Medical Birth Registry. No increased risk for hy-

pospadias was found after standard IVF in Sweden; how-
ever, there was an approximately three-fold increased risk
(95% CI, 1.4–5.4) after intracytoplasmic sperm injection
(ICSI), a specific IVF procedure that is undertaken when
sperm quality is poor (Wennerholm et al., 2000; Ericson
and Kallen, 2001).

Women undergoing IVF procedures typically receive
treatment with progesterone in the first trimester to sup-
port the pregnancy after embryo transfer. Silver et al.
(1999) postulated that this treatment is the cause of in-
creased risk for hypospadias following IVF procedures.
Experimental studies have shown that progestins admin-
istered to laboratory animals during pregnancy can cause
hypospadias (Goldman and Bongiovanni, 1967; Dean and
Winter, 1984). The epidemiologic evidence, however, does
not support an association between increased risk for hy-
pospadias and first trimester exposure to progestins found
in oral contraceptives, hormones for pregnancy support,
and/or hormone-based pregnancy tests (Sweet et al., 1974;
Aarskog, 1979; Czeizel et al., 1979; Mau, 1981; Monteleone
et al., 1981; Calzolari et al., 1989; Kallen et al., 1991). A
meta-analysis of human studies also did not find an asso-
ciation between progestin exposures and external genital
anomalies in male infants (summary OR, 1.09; 95% CI,
0.90–1.32) (Raman-Wilms et al., 1995). In addition, Wen-
nerholm et al. (2000) and Ericson and Kallen (2001) found
in the Swedish Medical Birth Registry that an increased
risk for hypospadias was specific for ICSI, and not for all
the other IVF procedures in which progestin support was
administered. These investigators concluded that con-
founding by paternal subfertility explained the association
between ICSI and increased risk for hypospadias. The
transfer of genes involving androgen action and metabo-
lism from fathers with poor sperm quality to their sons was
considered the most likely cause.

Genetic Predisposition for Hypospadias
There is a well recognized familial clustering of hypos-

padias, and male relatives of boys with hypospadias are
more likely to have this condition than would be expected
by chance. In a study by Sorenson (1953), male relatives of
103 index cases with nonsyndromic hypospadias were
evaluated. It was found that 28% had at least one other
family member with hypospadias. The more severe the
hypospadias in the index case, the higher the incidence of
hypospadias in first-degree relatives. With the mildest
form of hypospadias, 3.5% of relatives were affected; with
second-degree, 9.1%; and with third-degree, 16.7%. The
overall risk for a brother of an affected infant to also have
hypospadias was 9.6%. Chen and Woolley (1971) identified
a similar figure of 9.7%. The risk of hypospadias in sibs of
affected infants was found to be 4.2% in the international
study, with a range of 0–11.3% (Kallen et al., 1986). These
sib occurrence risks are compatible with a multifactorial
mode of inheritance for hypospadias.

In a survey of 307 cases of familial hypospadias by Bauer
et al. (1981), 25% of families had a second family member
(in addition to the index child) with this anomaly, and 7%
had three affected members. The risk of a second male
sibling being born with hypospadias when this anomaly
occurred for the first time in the index child was 11%. No
boy with first-degree hypospadias had an affected brother.
When the index child had a second- or third-degree hypo-
spadias, a 12–19% chance existed, respectively, for hypo-

828 MANSON AND CARR

Birth Defects Research (Part A) 67:825–836 (2003)



spadias to occur in an additional male sibling. An in-
creased risk for hypospadias among twins has been
described (Kallen et al., 1986). The prevalence of hypospa-
dias is higher among members of male–male pairs and
lower among males in male–female pairs. Concordance
among twins of the same sex was 18% for both mild and
severe forms, with increased risk evident in both monozy-
gotic and dizygotic twins. When monozygotic twins dis-
cordant for hypospadias were evaluated, the twin with the
lowest birth weight had hypospadias in 16 out of 18 pairs,
suggesting a gene-environment interaction (Fredell et al.,
1998).

Pedigree data do not suggest a Mendelian pattern of
inheritance, and a multifactorial pattern is the most con-
sistent explanation for familial clustering of severe hypo-
spadias. Multifactorial models have yielded heritability
indices ranging from 57% to 74% from pedigree data,
indicating multifactorial causation with “high heritability”
(Harris, 1990; Stoll et al., 1990). Allelic variants in genes
involved in androgen action and metabolism may predis-
pose individuals to develop hypospadias. When genetic
susceptibility is combined with exposure to antiandrogenic
agents, however, gene and environment risk factors may
interact to surpass a threshold, resulting in occurrence of
this birth defect.

Susceptibility Genes for Hypospadias
Steroid 5-alpha reductase type 2 (SRD5A2) (Genbank

#L03843). The differentiation of the male external genitalia
(penis, scrotum and urethra) depends upon conversion of
testosterone (T) to dihydrotestosterone (DHT) via the en-
zyme steroid 5 alpha-reductase (SRD5A) located in the
urogenital tubercle. DHT also initiates differentiation of
the urogenital sinus into the prostate while it inhibits the
development of the vesico-vaginal septum. T and DHT
bind to the same intracellular androgen receptor and in-
teract with a cognate DNA response element to regulate
gene expression. Even though T and DHT are active via the
same androgen receptor, these hormones produce distinct
biological responses. The reasons for this are not clear at
the molecular level; however, DHT binds to the androgen
receptor more avidly than T, and the DHT-receptor com-
plex is more efficiently transformed to the DNA-binding
state than is the T-receptor complex (Siiteri and Wilson,
1974; Russell and Wilson, 1994; Zhu et al., 1998).

The role of T and DHT in formation of the male genital
tract is vividly illustrated in men with congenital SRD5A
enzyme deficiency, who are known as male pseudoher-
maphrodites (Griffin and Wilson, 1989; Imperato-McGin-
ley et al., 1991; Zhu et al., 1998). They have a normal XY
karyotype but ambiguous external genitalia, and thus are
reared as females in many cases. T and estrogen (E) levels
are normal to elevated, but DHT levels are reduced. These
individuals lack Mullerian duct derivatives, while T-de-
pendent Wolffian duct derivatives (the epididymides, sem-
inal vesicles, vas deferens) are present. The DHT-depen-
dent external genitalia are abnormal, however, and a small
phallus, bifid scrotum, blind vaginal pouch, and varying
degrees of hypospadias are present. At puberty, male
pseudohermaphrodites develop a male habitus with male
muscular development, deepening of the voice, enlarge-
ment of the phallus, and production of semen, but they
have a hypoplastic prostate and scanty beard. Women with

this genetic disorder are phenotypically normal and have
no impairments of reproductive function.

Finasteride is a pharmacologic inhibitor of the SRD5A
enzyme and selectively inhibits conversion of T to DHT;
this drug is marketed for treatment of benign prostatic
hyperplasia (PROSCAR�) and male pattern hair loss
(PROPECIA�) (Merck & Co., Rahway, NJ). In rats, in utero
exposure to low doses of finasteride results in decreased
anogenital distance, transient production of nipples, hypo-
spadias, and decreased prostate weight in male offspring
(Clark et al., 1990, 1993). The critical period for these effects
is gestation day (GD) 16–17 in the rat, following initiation
of T synthesis by the fetal testes on GD 15. Additional
studies have been carried out in rhesus monkeys (Pra-
halada et al., 1997). Oral administration of the drug from
GD20–100 resulted in male genital tract abnormalities con-
sisting of hypospadias, preputial adhesions to the glans
penis, underdeveloped scrotum, and small penis. No other
abnormalities were seen in male fetuses, and female fe-
tuses were phenotypically normal. Defects of the male
external genitalia produced by this pharmacologic SRD5A
enzyme inhibitor are consistent with those seen in human
male pseudohermaphrodites with a congenital deficiency
of this enzyme.

Two different isozymes of SRD5A have been identified
in humans: one is located in genital tissue and the prostate,
with an optimum pH of 5.5 (type 2; SRD5A2), and the other
is found in nongenital skin and the liver, with an optimal
pH of 6–9 (type 1; SRD5A1) (Moore and Wilson, 1976).
Male pseudohermaphrodites have deficiencies only in the
SRD5A2 enzyme, the gene for which is located on the short
arm of chromosome 2 (2p23). The gene for SRD5A1 is
located on the short arm of chromosome 5 (5p15), and is
normal in male pseudohermaphrodites (Andersson et al.,
1991; Thigpen et al., 1992). In children, SRD5A1 expression
is localized to the sebaceous gland in nongenital skin and
is markedly elevated at puberty (Thigpen et al., 1993). The
virilization of male pseudohermaphrodites at puberty may
be influenced by synthesis of DHT in nongenital skin via
SRD5A1 activity.

As a means of diagnosing SRD5A2 deficiency in chil-
dren, T/DHT ratios have been measured in serum after
hCG stimulation. Excretion of 5�/5� steroid metabolites,
and enzyme activity in cultured fibroblasts from genital
skin have also been examined (Peterson et al., 1985). These
parameters are highly variable and difficult to interpret in
prepubertal children, and T/DHT ratios are increased only
in the most severely affected patients (Hiort et al., 1996;
Sinnecker et al., 1996). More recently, direct evaluation of
allelic variants in the SRD5A2 gene has been used to diag-
nose SRD5A2 deficiency.

The SRD5A2 gene consists of five exons and four introns,
spans over 40 kb of genomic DNA, and encodes a protein
of 254 amino acids (Labrie et al., 1992; Thigpen et al., 1992).
Mutations in the SRD5A2 gene have been associated with
male pseudohermaphrodism in isolated kindreds (Hoch-
berg et al., 1996). This syndrome was first described at the
clinical and molecular level in 1974 (Imperato-McGinley et
al., 1974; Walsh et al., 1974), and a number of other indi-
vidual cases and consanguineous kindreds have since been
identified, as described in Table 1. Allelic variants have
been found throughout the SRD5A2 gene in these subjects,
including deletions, missense and nonsense mutations,
splicing defects, and frameshift mutations. Approximately
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two-thirds of male pseudohermaphrodites are homozy-
gous, and one-third are compound heterozygous for these
mutations (Thigpen et al., 1992; Russell and Wilson, 1994).
The functional significance of most allelic variants has been
characterized. All reduce Vmax of the enzyme, and many
result in no detectable enzyme activity. Although individ-
ual allelic variants have been extensively characterized, it
has not been possible to correlate the severity of male
pseudohermaphrodism with specific alterations in the
SRD5A2 gene. As most of the subjects studied to date have
been from consanguineous families, it remains to be deter-
mined whether the mutations identified to date are repre-
sentative of what would be seen in the general, outbred
population of infants with nonsyndromic hypospadias.

The SRD5A2 gene has also been extensively studied in
men with prostate cancer drawn from the general pop-
ulation, and the allelic variants identified are listed in
Table 2. Findings from these studies are of interest in
determining whether the allelic variants seen in the
SRD5A2 gene of male pseudohermaphrodites (most of

whom are from consanguineous families) are similar to
those in prostate cancer patients drawn from the general
population. Ten single nucleotide polymorphisms
(SNPs) resulting in amino acid substitutions have been
described by Makridakis et al. (2000), and a TA repeat
polymorphism was found by Kantoff et al. (1997) in the
3�-untranslated region (3�-UTR) of the gene. Most of the
allelic variants are rare, with allele frequencies �1.0%.
An exception is the V89L substitution, which has an
allele frequency of 32.5%. This common variant results
in an approximately 60% decrease in enzyme activity
and a corresponding decrease in circulating androstan-
ediol glucuronide levels, an index of whole-body 5-al-
pha reductase activity (Reichardt et al., 1995; Febbo et
al., 1999; Lunn et al., 1999). The V89L substitution has
not been reported to date in male pseudohermaphro-
dites (Table 1), which indicates that the allelic variants in
this cohort may not be representative of the general
population, and may reflect consanguinity of the fami-
lies studied.

Table 1
Summary of Allelic Variants in the SRD5A2 Gene of Male Pseudohermaphrodites

Location Type Comment Reference

Deletion Deletion all exons Inactivates enzyme Andersson et al., 1991
Exon 1

G34R Missense Reduced activity Johnson et al., 1986
G37R Missense Not determined Canto et al., 1997
L55Q Missense Inactivates enzyme Hochberg et al., 1996
Q56R Missense Inactivates enzyme Peterson et al., 1985
G85D Missense Not determined Vilchis et al., 2000
Y91D Missense Inactivates enzyme Russell and Wilson, 1994

Exon 2
R103 Premature termination Inactivates enzyme Zhu et al., 1998
I112N Missense Reduced activity Sinnecker et al., 1996
G115D Missense Inactivates enzyme Cai et al., 1996
Q126R Missense Inactivates enzyme Thigpen et al., 1992
E126R Missense Not determined Ferraz et al., 1999
DelT140 Frameshift Not determined Ferraz et al., 1999
R145W Missense Inactivates enzyme Zhu et al., 1998

Exon 3
DelMet157 Deletion Reduced activity Boudon et al., 1995
D164V Missense Inactivates enzyme Thigpen et al., 1992
R171S Missense Reduced activity Jenkins et al., 1992
P181L Missense Inactivates enzyme Russell and Wilson, 1994
G183S Missense Reduced activity Cai et al., 1996

Exon 4
N193S Missense Reduced activity Russell and Wilson, 1994
G196S Missense Reduced activity Wilson et al., 1993
E197D Missense Inactivates enzyme Chavez et al., 2000
E200K Missense Not determined Anwar et al., 1997
G203S Missense Not determined Canto et al., 1997
A207D Missense Inactivates enzyme Canto et al., 1997
P212R Missense Inactivates enzyme Chavez et al., 2000
L224P Missense Inactivates enzyme Canto et al., 1997
R227stop Premature termination Inactivates enzyme Vilchis et al., 2000
R227G Missense Reduced activity Hiort et al., 1996
A228T Missense Reduced activity Sinnecker et al., 1996
H230P Missense Inactivates enzyme Russell and Wilson, 1994
H231R Missense Reduced activity Boudon et al., 1995
Ex 4-In 4 Splice junction Inactivates enzyme Thigpen et al., 1992

Exon 5
Y235F Missense Not determined Zhu et al., 1998
R246W Missense Inactivates enzyme Thigpen et al., 1992
R246Q Missense Inactivates enzyme Jenkins et al., 1992
DelA251 Frameshift Inactivates enzyme Can et al., 1998
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17-beta hydroxysteroid dehydrogenase gene (HSD17B3;
GenBank #605573). Different HSD17B isozymes (desig-
nated as types I–IV) have been found and named accord-
ing to the chronological order in which their cDNAs were
cloned (Penning, 1997). The HSD17B3 isozyme is found
exclusively in the microsomes of the testes, where it con-
verts the weak androgen, androstenedione (�A), into T
with NADPH as a cofactor. The HSD17B3 gene spans at
least 60 kb of DNA, contains 11 exons, is located on chro-
mosome 9q22, and encodes a protein of 310 amino acids.
The 1.3-kb mRNA encoding the HSD17B3 isozyme has
been detected only in the testis, which is consistent with its
role in the formation of testicular androgens (Geissler et al.,
1994; Andersson, 1995).

Familial male pseudohermaphrodism due to an autoso-
mal recessive deficiency in the HSD17B3 isozyme has been
reported (Castro-Magana et al., 1993). The phenotype is
similar to that of SRD5A2 deficiency and includes 46, XY
individuals with undescended testes and normal Wolffian
duct derivates (epididymides, vas deferens, and seminal
vesicles), but with external female genitalia. Although typ-
ically they are raised as females, affected individuals de-
velop male body habitus and male secondary sexual char-
acteristics at puberty. The metabolism of �A to T, although
deficient, may produce enough T for stabilization of the
Wolffian ducts but not enough T to serve as a precursor for
DHT, resulting in inadequate masculinization of the exter-
nal genitalia (Rosler, 1992). Deficiency in HSD17B3 activity
is rarely diagnosed at birth, and is usually discovered at
puberty in genetic males reared as females. The symptoms
that bring these “phenotypic” females to medical attention
are the presence of gynecomastia, amenorrhea, clitoral en-
largement, and hirsutism. A diagnosis of HSD17B3 defi-
ciency at puberty is made on the basis of abnormally high
�A, LH, and FSH levels, and subnormal to normal T and
DHT levels (Kohn et al., 1985). Genetic females who are
homozygous or heterozygous for mutations in this gene
are phenotypically normal (Lundqvist et al., 2001).

A total of 20 allelic variants have now been described in
the HSD17B3 gene in subjects with HSD17B3 isozyme de-
ficiency (Table 3). Most of these variants cause complete
loss of enzyme activity. Many of these mutations have

been found in consanguineous families or small case series
of individuals with a family history of genital ambiguity.
As a result, most are present in homozygous form, and
there are relatively few heterozygotes. The R80Q mutation
has been found in 24 individuals from nine consanguine-
ous Arab kindreds in Israel (Rosler et al., 1996). In addition,
a homozygous mutation (G3A transition at the boundary
between intron 8 and exon 9 that disrupts the splice accep-
tor site of exon 9) was found in the HSD17B3 gene of a
male pseudohermaphrodite from a consanguineous Turk-
ish kindred, with a high penetrance of SRD5A2 gene mu-
tations (Can et al., 1998). Most of the male pseudoher-
maphrodites in this Turkish kindred were homozygous for
either SRD5A2 or HSD17B3 gene defects; however, a few
were homozygous for the SRD5A2 defect and heterozy-
gous for the HSD17B3 defect, or homozygous for the
HSD17B3 defect and heterozygous for the SRD5A2 defect.
Male pseudohermaphrodites with homozygous SRD5A2
or HSD17B3 gene defects were phenotypically distinguish-
able by the presence of gynecomastia in the latter.

In a nationwide survey of male pseudohermaphrodites
in The Netherlands, 18 index cases and two siblings with
HSD17B3 mutations were found (Boehmer et al., 1999).
Gonadotropin-stimulated T/�A ratios were discriminative
in all cases, and did not overlap with ratios in normal
controls or in patients with androgen insensitivity syn-
drome (AIS). In all patients, both HSD17B3 alleles were
mutated. The minimal incidence of 17BHSD3 deficiencies
in The Netherlands was shown to be 1:147,000, with a
heterozygote frequency of 1:135. At least four mutations
(325�4 A3T, N74T, 655–1 G3A and R80Q) were found
worldwide, as well as in The Netherlands. These mutations
apparently originated from genetic founders whose dis-
persion could be reconstructed from ancient historical mi-
grations. The 326-1 G3C and P282L were de novo muta-
tions that were found to be recurrent in different
populations. From these findings, it is anticipated that
mutations in the HSD17B3 gene will be found to have an
independent association with hypospadias. It is also pos-
sible that allelic variants in the HSD17B3 gene will occur
simultaneously with variants in the SRD5A2 gene, as dem-

Table 2
Summary of Allelic Variants in the SRD5A2 Gene in Prostate Cancer Studies

Location Type (allele frequency) Comment Reference

Exon 1
C5R Neutral (1.2%) No change activity Makridakis et al., 2000
P30L Missense (0.2%) Decreased activity
P48R Missense (0.5%) Decreased activity
A49T Missense (2.0%) Increased activity
A51T Missense (0.2%) Decreased activity
V89L Missense (32.5%) Decreased activity

Exon 4 Makridakis et al., 2000
T187M Missense (0.3%) Decreased activity
F194L Neutral (0.1%) No change activity
R227Q Missense (0.5%) Decreased activity

Exon 5
F234L Missense (0.3%) Decreased activity Makridakis et al., 2000

3�UTR
TA repeat TA(0) (0.87%) No change activity Kantoff et al., 1997

TA(9) (0.13%)
TA(18) (0.01%)
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onstrated in the Turkish kindred, resulting in a polygenic
effect.

Androgen receptor gene (AR; GenBank #M21748). The
AR gene plays a critical role in male sexual differentiation
by mediating the biological effects of gonadal androgens.
The AR gene resides on Xq11-12 and consists of eight
exons. Exon 1 contains a highly polymorphic CAG repeat
(range 11–31 CAGs) coding for a polyglutamine tract.
Functional studies with different CAG repeat numbers
have indicated an inverse relationship between the CAG
repeat length and expression level of the AR gene (Hakimi
et al., 1997). Reduction in the number of CAG repeats
results in increased expression levels of the AR gene, and
thus increased risk for severe and early-onset prostate
cancer (Giovannucci et al., 1997; Ross et al., 1998). Expan-
sion in the number of repeats has been associated with
decreased AR transcription factor activity and thus in-
creased risk for low virilization, reduced sperm produc-
tion, testicular atrophy, and infertility (MacLean et al.,
1995; Tut et al., 1997; Dowsing et al., 1999; Dadze et al.,
2000).

There have been several conflicting studies on the rela-
tionship between CAG repeats and male sexual differenti-
ation. Significant expansions of CAG repeat length have
been reported in patients with moderate to severe under-
masculinization, including micropenis with hypospadias
or genital ambiguity (Lim et al., 2000). Ishii et al. (2001) did
not find any expansion in patients with isolated micrope-
nis, and neither did Muroya et al. (2001) in patients with
isolated hypospadias. However, these studies had rela-
tively few patients, and there is a rationale for examining
CAG repeat length in larger studies, given that paternal

subfertility and poor semen quality are established risk
factors for hypospadias.

There are more than 150 mutations described in the AR
gene that give rise to androgen insensitivity syndrome
(MacLean et al., 1995). Most reports of AR gene mutations
in individuals with hypospadias have included patients
with additional genitourinary malformations, and the dis-
order analyzed was partial androgen insensitivity syn-
drome rather than nonsyndromic hypospadias. Mutations
of the androgen receptor coding sequence are infrequent in
patients with isolated hypospadias (Allera et al., 1995;
Klocker et al., 1995; Sutherland et al., 1996).

In a study of 63 cases of severe hypospadias obtained
from a single center (Boehmer et al., 2001b), cases were
evaluated for a spectrum of known risk factors, including
patient history, physical examination, karyotyping, hor-
monal evaluation, and assay of genes involved in andro-
gen action and metabolism. In 31% of cases, the underlying
etiology was identified. Of these, 17% were due to complex
genetic syndromes, such as Smith-Lemli-Opitz and Opitz-
Frias. Sex chromosomal anomalies, such as XY mosaicisms,
accounted for 9.5% of cases. Isolated causes in one case
each were the androgen insensitivity syndrome and 5�-
reductase type 2 deficiency. In patients with decreased T to
�A ratios, no mutations were found in the HSD17B3 gene.
Also, in patients with elevated T to DHT ratios, no muta-
tions were found in the SRD5A2 gene. These findings
indicate that gene mutations in the SRD5A2, HSD17B3,
and AR genes may not be common in patients drawn from
the general population with nonsyndromic hypospadias.
Until larger studies are undertaken, however, the role of
genetic factors in genes controlling androgen action and

Table 3
Summary of Allelic Variants in the HSD17B3 Gene of Male Pseudohermaphrodites

Location Type Comment Reference

Exon 2
A56T Missense Residual enzyme activity Moghrabi et al., 1998
S65L Missense Inactivates enzyme Andersson et al., 1996

Exon 3
N74T Missense Residual enzyme activity Boehmer et al., 1999
R80Q Missense Residual enzyme activity Geissler et al., 1994
R80W Missense Residual enzyme activity Bilbao et al., 1998
N130S Missense Residual enzyme activity Bilbao et al., 1998

Intron 3
325 � 4, A 3 T Splice junction Disrupts splice donor Andersson et al., 1996
326-1, G 3 C Splice junction Disrupts splice acceptor Geissler et al., 1994

Exon 8
Q176P Missense Inactivates enzyme Moghrabi et al., 1998

Intron 8
655-1, G 3 A Splice junction Disrupts splice acceptor Geissler et al., 1994

Exon 9
A203V Missense Inactivates enzyme Geissler et al., 1994
V205E Missense Inactivates enzyme Andersson et al., 1996
F208I Missense Inactivates enzyme Andersson et al., 1996
E215D Missense Inactivates enzyme Andersson et al., 1996

Exon 10
�777 3 783 Deletion Frameshift, truncates enzyme Andersson et al., 1996
S232L Missense Inactivates enzyme Geissler et al., 1994
C268Y Missense Inactivates enzyme Lundqvist et al., 2001

Exon 11
M235V Missense Inactivates enzyme Andersson et al., 1996
P282L Missense Inactivates enzyme Andersson et al., 1996
G289S Neutral No change activity Boehmer et al., 1999
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metabolism will not be clearly understood. Evaluations of
genotype, as well as exposure to endocrine disrupting
chemicals, are likely to be important in explaining the
majority of cases of nonsyndromic hypospadias.

Endocrine Disrupting Chemicals
Rates of hypospadias have increased in parallel with

other disorders of the male reproductive tract, including
testicular cancers, cryptorchidism, and poor semen quality.
Prener et al. (1996) found that testicular cancer risk in-
creases in patients with previous cryptorchidism (RR, 5.2;
95% CI, 2.1–13.0), inguinal hernia (RR, 1.8; 95% CI, 0.9–3.7),
hypospadias (RR, 4.2; 95% CI, 0.4–42.7), and hydrocele
(RR, 2.4; 95% CI, 0.6–9.0). These results add to the growing
body of evidence that common genetic and environmental
risk factors have a role in male reproductive tract disor-
ders. The familial clustering of hypospadias among first-
degree relatives has traditionally been perceived as evi-
dence of a genetic component in the etiology of this
anomaly. However, exposure to environmental contami-
nants is now being considered in familial clusters because
of the high probability of shared exposures among first-
degree relatives (Baskin et al., 2001).

Several environmental antiandrogens have been identi-
fied in rodent models that interfere with male sexual dif-
ferentiation at environmentally relevant doses. At rela-
tively low in utero doses, antiandrogens reduce anogenital
distance and induce transient nipple development in the
neonatal rat. At mid-doses, hypospadias, agenesis of the
sex accessory tissues, and retained nipples occur, while at
the highest doses undescended testes and epididymal
agenesis are seen. Fetal tissue concentrations of 10–20 ppm
of the DDT metabolite, p,p�-DDE, an AR antagonist, are
sufficient to produce these antiandrogenic effects in the rat
fetus (Kelce et al., 1995). These concentrations are similar to
those measured in first-trimester human fetal tissues in the
late 1960s. The pesticides vinclozolin, procymidone, linu-
ron, and fenitrothion are also AR antagonists that produce
dose-response effects on the developing male reproductive
system (Gray et al., 1999a; Tamura et al., 2001). Phthalate
esters (PE) inhibit testosterone synthesis during fetal life,
and produce dose-related abnormalities of the male repro-
ductive tract similar to those caused by the AR antagonists
(Gray et al., 2000). The PE have effects at extremely low in
utero doses, and no-effect levels could not be found for the
most sensitive endpoint, reduction in anogenital distance
in male neonates. Prenatal administration of a single low
dose of dioxin (50–1,000 ng TCDD/kg) alters differentia-
tion of androgen-dependent tissues; however, the mecha-
nism of action involves interaction with the hormone-like
receptor, AhR, rather than the AR (Gray et al., 2001).
Attempts to extrapolate findings from these rodent models
to humans have been problematic. It can be difficult to
determine whether effects obtained at doses employed in
rodent models are relevant to human environmental expo-
sures. An even greater problem is the difficulty of accu-
rately measuring in utero human exposure to environmen-
tal agents for comparison.

Results from human studies have cast doubt on whether
findings of male reproductive-tract abnormalities in ro-
dents with low doses of p,p�-DDE are meaningful for risk
assessment. Longnecker et al. (2002) analyzed stored ma-
ternal serum samples from the Collaborative Perinatal
Project that had been collected in 1959–1966, a time when

DDT exposures of human populations were high. They
examined the relationship between maternal DDE levels
during pregnancy from these samples, and risks for cryp-
torchidism (n � 219), hypospadias (n � 199), and extra
nipples (n � 167) among male offspring. Compared to
boys whose mother’s serum p,p�-DDE level was �21.4
	g/liter, boys with maternal levels �85.6 	g/liter had
adjusted ORs of 1.3 (95% CI, 0.7, 2.4) for cryptorchidism,
1.2 (95% CI, 0.6, 2.4) for hypospadias, and 1.9 (95% CI, 0.9,
4.0) for extra nipples. The authors concluded that there
may be a modest association between exposure to p,p�-
DDE and these reproductive tract abnormalities, but that
the results were inconclusive.

The effects of “estrogenic” environmental agents on
male reproductive-tract development have been well stud-
ied in laboratory animals and humans. Male rat pups
exposed to DES (0.015–0.60 mg/kg sc) in mid-gestation
have hypospadias at all treatment levels (Vorherr et al.,
1979). However, men exposed to DES in utero have a broad
range of reproductive-tract problems (e.g., difficulty void-
ing and abnormalities of the urethra), but increased risk for
hypospadias has not been observed in this cohort (Hen-
derson et al., 1976). DES and estradiol have a high affinity
for the estrogen receptor as well as for the AR gene, and
their effects on male reproductive-tract development may
be mediated via antiandrogenic properties as well as es-
trogenic activity. Relatively few environmental “estro-
gens” have been evaluated for effects on both the estrogen
and androgen receptors, with the exception of DDT and
methoxychlor. One metabolite of DDT, o,p�-DDT, has
weak estrogenic activity while another, p,p�-DDT, is an AR
antagonist (Kelce et al., 1995). Active metabolites of me-
thoxychlor bind to both the estrogen and androgen recep-
tors, resulting in both estrogenic and antiandrogenic ef-
fects, depending on the time of exposure and target tissue
involved (Gray et al., 1999b).

The effects of maternal diet, particularly vegetarianism
and consumption of phytoestrogens, on the risk for hypo-
spadias have been examined in a longitudinal study with
approximately 8,000 subjects in the United Kingdom
(North and Golding, 2000). Among a broad spectrum of
risk factors evaluated, mothers who were vegetarian dur-
ing pregnancy had an adjusted OR of 4.99 (95% CI, 2.10–
11.9) for having an affected son compared to mothers who
were ominivores and did not supplement their diet with
iron. The only other statistically significant association for
hypospadias was influenza in the first 3 months of preg-
nancy (adjusted OR, 3.19; 95% CI, 1.50–6.78). Mothers who
were vegetarians before pregnancy but omnivores during
pregnancy had no increased risk for having a son with
hypospadias, compared to mothers who were never vege-
tarians. The risks of a vegetarian diet in this study ap-
peared to be related to consumption of soy products, as
vegetarian mothers who consumed only organic produce
(fruits and vegetables) had no excess risk for having a son
with hypospadias.

A finding of concern has been the effects of low doses of
atrazine, the most commonly used herbicide in the United
States, on sexual development of frogs (Xenopus laevis)
(Hayes et al., 2002). Larvae were exposed to atrazine (0.01–
200 ppb) by immersion throughout larval development,
and gonadal histology and laryngeal development were
examined at metamorphosis. Atrazine (�0.1 ppb) induced
hermaphroditism and demasculinized the larynges of ex-

833HYPOSPADIAS, GENES, EPIDEMIOLOGY

Birth Defects Research (Part A) 67:825–836 (2003)



posed males via a reduction in circulating T levels. The
authors hypothesized that the mechanism of action was
induction of aromatase activity, which would promote
conversion of T to E and produce antiandrogenic effects
(demasculinization of larynges) and estrogenic effects (her-
maphroditism). No previous studies have addressed the
effects of atrazine at concentrations below those consid-
ered safe in drinking water (3 ppb) or safe for limited
human exposure (200 ppb). The effects on gonads in male
frogs were produced at 0.1 ppb, which is more than 600
times lower than the dose required to induce aromatase in
human adrenocortical and placental tissues, and 30,000,000
times lower than the dose required to produce reproduc-
tive effects in rats. The extreme sensitivity of Xenopus to
perturbation of male sexual differentiation by atrazine is
remarkable, and relevant for these amphibians in the wild,
but is of uncertain relevance for human health effects.

A number of epidemiology studies have been conducted
concerning pesticide exposures of fathers employed as gar-
deners, agricultural pilots, or aerial sprayers. These studies
have provided weak evidence, if any, that these types of
occupational exposures result in adverse pregnancy out-
comes (Smith et al., 1981, 1982; Roan et al., 1984; Rupa et
al., 1991). A review of epidemiology studies published in
1980–1996 on the effects of agricultural occupation (and
presumably pesticide exposure) on congenital malforma-
tions has been conducted (Garcia, 1998). Of 34 published
studies, few resulted in significant associations between
birth defects and pesticide exposure. Problems inherent in
most of the studies were the use of occupational title or
residence as a surrogate for pesticide exposure, the assess-
ment of outcome through parental interview rather than
medical records, and small study size. With few excep-
tions, the estimates for association between agricultural
work and/or pesticide exposure and congenital malforma-
tions were below 2.0. Recommendations from this and
other reviews are that exposure to specific active ingredi-
ents or at least chemical classes must be quantitatively
evaluated before assessment of effects on reproductive
function can be accurately determined (Nurimen, 1995).
Regardless of these methodological issues, however,
enough positive associations have been reported to war-
rant further investigation of pesticide effects on human
reproduction.

CONCLUSIONS AND RECOMMENDATIONS

Evidence for increases in the birth prevalence of hypo-
spadias in the United States is substantial. Multiple studies
utilizing population-based, as well as hospital-based, ap-
proaches have documented increases in both mild and
severe forms of hypospadias from the 1960s to the present.
Several clinical risk factors that have been identified, in-
cluding intrauterine growth reduction and paternal sub-
fertility, particularly when accompanied by assisted-repro-
duction procedures. Familial clustering has been well
documented, and may involve both genetic and environ-
mental risk factors. A number of candidate genes that
control androgen action and metabolism are logical choices
for genomic evaluation in population-based studies, in-
cluding the SRD5A2, HSD17B3, and the AR genes. In con-
sanguineous families, reduction/loss of function muta-
tions in these genes have been found to be causative for
male pseudohermaphrodism. While a number of other
gene pathways have been implicated (e.g., HOX, FGF, and

SHH [see Baskin et al., 2001 for review]), it is likely these
pathways would be more important in multiple malforma-
tion syndromes including hypospadias than in isolated
hypospadias. The role of EDC exposure in the etiology of
hypospadias in human populations is far from clear. Major
improvements in methodologies to measure environmen-
tal exposures and pregnancy outcome are needed to deter-
mine the role of environmental exposures in the increased
rates of hypospadias.

Studies that simultaneously examine the roles of allelic
variants in genes controlling androgen action and metab-
olism, and environmental exposures are needed to eluci-
date the risk factors for nonsyndromic hypospadias. The
rationale for such studies is that the risk from environmen-
tal exposures may only be evident in genetically suscepti-
ble subgroups, and the risk of a genotype may only be
evident in exposed populations. There has not yet been a
study in a large, outbred population of infants with hypo-
spadias to determine whether allelic variants in genes con-
trolling androgen action and metabolism are associated
with hypospadias. Such an association study would im-
prove our understanding of the genetic basis for hypospa-
dias in the general population.

Allelic variants in genes can be measured with far
greater precision compared to environmental exposures.
For this reason alone, the probability of identifying genetic
risk factors for hypospadias is greater than for environ-
mental exposures. Despite the potential for environmental
exposure misclassification, and the possible loss of power
in estimating interaction effects, gene by environment in-
teraction studies must be undertaken before we can begin
to understand the risk factors for this rapidly increasing
birth defect.

ACKNOWLEDGMENT
This study was supported by grants K01 ES00352 and

R-82859901 from EPA to J. Manson.

REFERENCES
Aarskog D. 1979. Current concepts: maternal progestins as a possible cause

of hypospadias. N Engl J Med 300:75–78.
Akre O, Lipworth L, Cnattingius S, et al. 1999. Risk factor patterns for

cryptorchidism and hypospadias. Epidemiol 10:364–369.
Allera A, Herbst MA, Griffin JE, Wilson JD, Schweikert HU, McPhaul MJ.

1995. Mutations of the androgen receptor coding sequence are infre-
quent in patients with isolated hypospadias. J Clin Endocrinol Metab
80:2697–2700.

Andersson S, Berman D, Jenkins E, Russell D. 1991. Deletion of steroid 5
alpha reductase 2 gene in male pseudohermaphroditism. Nature 354:
159–161.

Andersson S. 1995. 17�-Hydroxysteroid dehydrogenase: isozymes and mu-
tations. J Endocrinol 146:197–200.

Andersson S, Geissler WM, Wu L, et al. 1996. Molecular genetics and
pathophysiology of 17�-hydroxysteroid dehydrogenase 3 deficiency.
J Clin Endocrinol Metab 81:130–136.

Anwar R, Gilbey SG, New JP, Markham AF. 1997. Male pseudohermaph-
rodism resulting from a novel mutation in the human steroid 5 alpha-
reductase type 2 gene (SRD5A2). Mol Pathol 50:51–52.

Avellan L. 1975. The incidence of hypospadias in Sweden. Scand J Plast
Reconstr Surg 9:129–139.

Baskin LS. 2000. Hypospadias and urethral development. J Urol 163:951–
956.

Baskin LS, Himes K, Colborn T. 2001. Hypospadias and endocrine disrup-
tion: is there a connection? Environ Health Perspect 109:1175–1183.

Bauer SB, Retik AB, Colodny AH. 1981. Genetic aspects of hypospadias.
Urol Clin North Am 8:559–564.

Bilbao JR, Loridan L, Audi L, et al. 1998. A novel missense (R80W) mutation
in 17-�-hydroxysteroid dehydrogenase type 3 gene associated with
male pseudohermaphrodism. Eur J Endocrinol 139:330–333.

Bingol N, Wasserman E. 1990. Hypospadias. In: Buyse ML, editor. Birth

834 MANSON AND CARR

Birth Defects Research (Part A) 67:825–836 (2003)



defects encyclopedia.Cambridge, MA: Blackwell Scientific Publica-
tions, p 931–932.

Bjerkedal T, Bakketeig LS. 1975. Surveillance of congenital malformations
and other conditions of the newborn. Int J Epidemiol 4:31–36.

Boehmer AL, Brinkmann AO, Sandkuijl LA, et al. 1999. 17Beta-hydroxy-
steroid dehydrogenase-3 deficiency: diagnosis, phenotypic variability,
population genetics, and worldwide distribution of ancient and de
novo mutations. J Clin Endocrinol Metab 84:4713–4721.

Cai L-Q, Zhu Y-S, Katz M, et al. 1996. 5 Alpha reductase 2 gene mutations
in the Dominican Republic. J Clin Endocrinol Metab 81:1730–1735.

Calzolari E, Contiero MR, Roncarati E. 1989. Aetiological factors in hypo-
spadias. J Med Genet 23:222–337.

Can S, Zhu Y-S, Cai L-Q, Ling Q. 1998. The identification of 5� reductase 2
and 17� hydroxysteroid dehydrogenase 3 gene defects in male
pseudohermaphrodites from a Turkish kindred. J Clin Endocrinol
Metab 83:560–569.

Canto P, Vilchis F, Chavez B, et al. 1997. Mutations of the 5 alpha reductase
type 2 gene in eight Mexican patients from six different pedigrees with
5 alpha reductase deficiencies. Clin Endocrinol (Oxf) 46:155–160.

Castro-Magana M, Angulo M, Uy J. 1993. Male hypogonadism with gy-
necomastia caused by late-onset deficiency of testicular 17-ketosteroid
reductase. N Engl J Med 328:1297–1301.

Chavez GF, Cordero JF, Becerra JE. 1988. Leading major congenital malfor-
mations among minority groups in the United States, 1981–1986.
MMWR 37:17–24.

Chavez B, Valdez E, Vilchis F. 2000. Uniparental disomy in steroid 5-alpha-
reductase deficiency. J Clin Endocrinol Metab 85:3147–3150.

Chen YC, Woolley PV. 1971. Genetic studies on hypospadias in males.
J Med Genet 8:153–159.

Clark R, Antonello J, Grossman S, Wise D. 1990. External genitalia abnor-
malities in male rats exposed in utero to finasteride, a 5�-reductase
inhibitor. Teratology 42:91–100.

Clark R, Antonello J, Grossman S, Wise D. 1993. Critical developmental
periods for effects on male rat genitalia induced by finasteride, a
5�-reductase inhibitor. Toxicol Appl Pharmacol 119:34–40.

Czeizel A, Toth J, Erodi E. 1979, Aetiological studies of hypospadias in
Hungary. Hum Hered 38:45–50.

Czeizel A. 1985. Increasing trends in congenital malformations of male
external genitalia (Letter). Lancet 1:108.

Dadze S, Wieland C, Jakubiczka S. 2000. The size of the CAG repeat in exon
1 of the androgen receptor gene shows no significant relationship to
impaired spermatogenesis in an infertile Caucasoid sample of German
origin. Mol Hum Reprod 6:207–214.

Dean HJ, Winter JS. 1984. The effect of five synthetic progestational com-
pounds on 5 alpha-reductase activity in genital skin fibrobast mono-
layers. Steroids 43:13–17.

Dolk H. 1998. Rise in prevalence of hypospadias. Lancet 351:770.
Dowsing AT, Yong EL, Clark M, et al. 1999. Linkage between male infer-

tility and trinucleotide repeat expansion in the androgen receptor gene.
Lancet 354:640–643.

Duckett JW, Baskin LS. 1996. Hypospadias. In: Gillenwater JY, Grayhack JT,
Howards SS, Duckett JW, editors. Adult and pediatric urology. Vol III,
3rd ed. St. Louis, MO: Mosby Press. p 2549–2589.

Ellsworth DL, Hallman DM, Boerwinkle E. 1997. Impact of the human
genome project on epidemiologic research. Epidemiol Rev 19:3–13.

Ericson A, Kallen B. 2001. Congenital malformations in infants born after
IVF: a population-based study. Hum Reprod 16:504–509.

Febbo PG, Kantoff PW, Platz EA, et al. 1999. The V89L polymorphism in the
5alpha reductase type 2 gene and risk of prostate cancer. Cancer Res
59:5878–5881.

Ferraz LF, Baptisma MT, Maciel-Guerra AT, Junior GG, Hackel C. 1999.
New frameshift mutation in a Brazilian patient with 5alpha-reductase
deficiency. Am J Med Genet 87:221–225.

Fisch H, Golden RJ, Libearsen GL, et al. 2001. Maternal age as a risk factor
for hypospadias. J Urol 165:934–936.

Fredell L, Lichtenstein P, Pedersen NL, et al. 1998. Hypospadias is related to
birth weight in discordant mnozygotic twins. J Urol 160:2197–2219.

Fritz G, Czeizel AE. 1996. Abnormal sperm morphology and function in the
fathers of hypospadiacs. J Reprod Fertil 106:63–66.

Gallentine ML, Morey AF, Thompson IM. 2001. Hypospadias: a contempo-
rary epidemiologic assessment. Urology 57:788–790.

Garcia AM. 1998. Occupational exposure to pesticides and congenital mal-
formations: a review of mechanisms, methods and results. Am J Ind
Med 33:232–240.

Geissler WM, Davis DL, Wu Let al. 1994. Male pseudohermaphrodism
caused by mutations of testicular 17�-hydroxysteroid dehydrogenase
3. Nat Genet 7:34–39.

Giovannucci E, Stampfer MJ, Krithivas K, et al. 1997. The CAG repeat
within the androgen receptor gene and its relationship to prostate
cancer. Proc Natl Acad Sci USA 94:3320–3323.

Goldman AS, Bongiovanni AM. 1967. Induced genital anomalies. Ann N Y
Acad Sci 142:755–767.

Goulet L, Theriault G. 1991. Stillbirth and chemical exposure of pregnant
workers. Scand J Work Environ Health 17:25–31.

Gray LE, Wolf C, Lambright C, et al. 1999a. Administration of potentially
antiandrogenic pesticides (procymidone, linuron, iprodione, chlozali-
nate, p,p’-DDE and ketoconazole) and toxic substances (dibutyl- and
diethylhexyl phthalate, PCB 169, and ethane dimethane sulphonate)
during sexual differentiation produces diverse profiles of reproductive
malformations in the male rat. Toxicol Ind Health 15:94–118.

Gray LE, Ostby J, Cooper RL, Kelce WR. 1999b . The estrogenic and
antiandrogenic pesticide methoxychlor alters the reproductive tract
and behavior without affecting pituitary size or LH and prolactin
secretion in male rats. Toxicol Ind Health 15:37–47.

Gray LE, Ostby J, Furr J, et al. 2000. Perinatal exposure to the phthalates
DEHP, BBP, and DINP, but not DEP, DMP, or DOTP, alters sexual
differentiation of the male rat. Toxicol Sci 58:350–365.

Gray LE, Ostby J, Furr J, et al. 2001. Effects of environmental antiandrogens
on reproductive development in experimental animals. Hum Reprod
Update 7:248–264.

Griffin J, Wilson J. 1989. The androgen resistance syndromes: 5�-reductase
deficiency, testicular feminization and related disorders. In: Scriver C,
Beaudet A, Sly W, Valle D, editors. The metabolic basis of inherited
disease, 6th ed., Vol. II. New York: McGraw-Hill. p 1919–1944.

Hakimi JM, Schoenberg MP, Rondinelli RH, et al. 1997. Androgen receptor
variants with short glutamine or glycine repeats identify unique sub-
populations of men with prostate cancer. Clin Cancer Res 3:1599–1608.

Harris EL. 1990. Genetic epidemiology of hypospadias. Epidemiol Rev
12:29–40.

Hayes TB, Collins A, Lee M, et al. 2002. Hermaphroditic, demasculinized
frogs after exposure to the herbicide atrazine at low ecologically rele-
vant doses. Proc Natl Acad Sci USA 99:5476–5480.

Henderson BE, Benton B, Cosgrove M, et al. 1976. Urogenital tract abnor-
malities in sons of women treated with diethylstilbestrol. Pediatrics
58:505–507.

Hiort O, Willenbring H, Albers N, Hecker W. 1996. Molecular genetic
analysis and human chorionic gonadotropin stimulation tests in the
diagnosis of prepubertal patients with partial 5� reductase deficiency.
Eur J Pediatr 155:445–451.

Hochberg Z, Chayen R, Reiss N, Falig Z. 1996. Clinical, biochemical and
genetic findings in a large pedigree of male and female patients with 5
alpha reductase 2 deficiency. J Clin Endocrinol Metab 81:2821–2827.

Hussain N, Chaghtai A, Herndon A, et al. 2002. Hypospadias and early
gestation growth restriction in infants. Pediatrics 109:473–478.

Imperato-McGinley J, Guerrero L, Gautier T, Peterson RE. 1974. Steroid
5�-reductase deficiency in man: an inherited form of male pseudoher-
maphrodism. Science 186:1213–1216.

Imperato-McGinley J, Akgun S, Ertel NH, et al. 1987. The coexistence of
male pseudohermaphrodites with 17-ketosteroid reductase deficiency
and 5�-reductase deficiencies within a Turkish kindred. Clin Endocri-
nol (Oxf) 27:135–143.

Imperato-McGinley J, Miller M, Wilson J, et al. 1991. A cluster of male
pseudohermaphrodites with 5�-reductase deficiency in Papua New
Guinea. Clin Endocrinol (Oxford) 34:293–298.

Ishii T, Sato S, Kosaki K, et al. 2001. Micropenis and the AR gene: mutation
and CAG repeat length analysis. J Clin Endocrinol Metab 86:5372–5378.

Jenkins EP, Andersson S, Imperato-McGinley J, et al. 1992. Genetic and
pharmacologic evidence for more than one human steroid 5 alpha
reductase. J Clin Invest 89:293–300.

Johnson L, George FW, Neaves WB, et al. 1986. Characterization of the
testicular abnormality in 5-alpha reductase deficiency. J Clin Endocri-
nol Metab 63:1091–1099.

Kallen B, Winberg J. 1982. An epidemiological study of hypospadias in
Sweden. Acta Paediatr Scand Suppl 93:3–21.

Kallen B, Bertolini R, Castilla A, et al. 1986. A joint international study on
the epidemiology of hypospadias. Acta Paediatr Scand Suppl 324:1–52.

Kallen B, Mastroiacovo P, Lancaster PA, et al. 1991. Oral contraceptives in
the etiology of isolated hypospadias. Contraception 44:173–182.

Kantoff PW, Febbo PG, Giovannucci E, Krithivas K. 1997. A polymorphism
of the 5� reductase gene and its association with prostate cancer: a
case-control analysis. Cancer Epidemiol Biomark Prevention 6:189–192.

Kelce WR, Stone CR, Laws SC, et al. 1995. Persistent DDT metabolite
p,p’-DDE is a potent androgen receptor antagonist. Nature 375:581–
585.

Khuri FJ, Hardy BE, Churchill BM. 1981. Urologic anomalies associated
with hypospadias. Urol Clin North Am 8:565–571.

Klocker H, Neuschmid-Kaspar F, Culig Z et al. 1995. Androgen receptor
alterations in patients with disturbances in male sexual development
and in prostatic carcinoma. Urol Int 54:2–5.

Kohn G, Lasch EE, El-Shawwa R, et al. 1985. Male pseudohermaphrodism

835HYPOSPADIAS, GENES, EPIDEMIOLOGY

Birth Defects Research (Part A) 67:825–836 (2003)



due to 17-beta hydroxysteroid dehydrogenase deficiency (17-beta-
HSD) in a large Arab kinship: studies on the natural history of the
defect. J Pediatr Endocrinol 1:29–37.

Labrie F, Sugimoto Y, Lau-The V, Simmard J. 1992. Structure of the human
type II 5� reductase gene. Endocrinology 131:1571–1573.

Latifoglu O, Yavuzer R, Demircliler N, et al. 1998. Extraurogenital congen-
ital anomalies associated with hypospadias: retrospective review of 700
patients. Ann Plast Surg 41:570–571.

Levitt SB, Reda EF. 1988. Hypospadias. Pediatric Ann 17:48–57.
Lim HN, Chen H, McBride S, et al. 2000. Longer polyglutamine tracts in the

androgen receptor are associated with moderate to severe undermas-
culinized genitalia in XY males. Hum Molec Genet 9:829–834.

Longnecker MP, Klebanoff MA, Brock JW, et al. 2002. Maternal serum levels
of 1,1-dichloro-2,2-bis(p-chlorophenyl) ethylene and risk of cryp-
torchidism, hypospadias, and polythelia among male offspring. Am J
Epidemiol 155:313–322.

Lundqvist A, Hughes IA, Andersson S. 2001. Substitution mutation C268Y
causes 17-beta hydroxysteroid dehydrogenase 3 deficiency. J Clin En-
docrinol Metab 86:921–923.

Lunn RM, Bell DA, Mohler JL, Taylor JA. 1999. Prostate cancer risk and
polymorphism in 17 hydroxylase (CYP 17) and steroid reductase
(SRD5A2). Carcinogenesis 20:1727–1731.

MacLean HE, Warne GL, Zajac JD. 1995. Defects of androgen receptor
function: from sex reversal to motor neuron disease. Molec Cell Endo-
crinol 112:133–141.

Makridakis N, diSalle E, Reichardt JK. 2000. Biochemical and pharmacoge-
netic dissection of human steroid 5alpha reductase type II. Pharmaco-
genetics 10:407–413.

Matlai P, Beral V. 1985. Trends in congenital malformations of external
genitalia. Lancet 1:108.

Mau G. 1981. Progestins during pregnancy and hypospadias. Teratology
24:285–287.

Moghrabi N, Hughes IA, Dunaif A, Andersson S. 1988. Deleterious mis-
sense mutations and silent polymorphism in human 17–beta–hydrox-
ysteroid dehydrogenase 3 gene (HSD17B3). J Clin Endocr Metab 83:
2855–2860.

Monteleone NR, Castilla EE, Paz JE. 1981. Hypospadias: an epidemiologic
study in Latin America. Am J Med Genet 10:5–19.

Moore KL. 1988. The urogenital system. In: The developing human. Clinical
oriented embryology. 4th ed. Philadelphia: W.B. Saunders. p 246–285.

Moore R, Wilson J. 1976. Steroid 5�-reductase in cultured human fibro-
blasts: biochemical and genetic evidence for two distinct enzyme ac-
tivities. J Biol Chem 251:5895–5900.

Muroya K, Sasagawa I, Suzuki Y, et al. 2001. Hypospadias and the androgen
receptor gene: mutation screening and CAG repeat length analysis.
Molec Hum Reprod 5:409–413.

North K, Golding J. 2000. A maternal vegetarian diet in pregnancy is
associated with hypospadias. The ALSPAC Study Team. Avon Longi-
tudinal Study of Pregnancy and Childhood. BJU Int 85:107–113.

Nurimen T. 1995. Maternal pesticide exposure and pregnancy outcome. J
Occup and Environ Med 37:935–940.

Paulozzi LJ, Erickson DJ, Jackson RJ. 1997. Hypospadias trends in two
American surveillance systems. Pediatrics 100:831–834.

Penning T. 1997. Molecular endocrinology of hydroxysteroid dehydroge-
nases. Endocr Rev 18:281–305.

Peterson R, Imperato-McGinley J, Gautier T, Shackleton C. 1985. Urinary
steroid metabolites in subjects with male pseudohermaphrodism due
to 5 alpha reductase deficiency. Clin Endocrinol 23:43–53.

Pierik FH, Burdorf A, Nijman JM, et al. 2002. A high hypospadias rate in
The Netherlands. Hum Reprod 17:1112–1115.

Prahalada S, Tarantal A, Harris G, Ellsworth K. 1997. Effects of finasteride,
a type 2 5�-reductase inhibitor, on fetal development in the rhesus
monkey (Macaca mulatta). Teratology 55:119–131.

Prener A, Engholm G, Jenson OM. 1996. Genital anomalies and risk for
testicular cancer in Danish men. Epidemiolology 7:14–19.

Raman-Wilms L, Tseng A, Wighardt S, et al. 1995. Fetal genital effects of
first trimester sex hormone exposure: a meta-analysis. Obstet Gynecol
85:141–149.

Reichardt JK, Makridakis N, Henderson BE, et al. 1995. Genetic variability
in the SRD5A2 gene: implications for prostate cancer risk. Cancer Res
55:3973–3975.

Roan CC, Matanoski GE, McIlnay C. 1984. Spontaneous abortions, stillbirths
and birth defects in families of agricultural pilots. Arch Environ Health
39:56–60.

Rosler A. 1992. Steroid 17 beta hydroxysteroid dehydrogenase deficiency in

man: an inherited form of male pseudohermaphrodism. J Steroid Bio-
chem Mol Biol 43:989–1002.

Rosler A, Silverstein S, Abeliovich D. 1996. A (R80Q) mutation in 17 beta
hydroxysteroid dehydrogenase type 3 gene among Arabs of Israel is
associated with pseudohermaphroditism in males and normal asymp-
tomatic females. J Clin Endocrinol 81:1827–1831.

Ross RK, Pike MC, Coetzee GA, et al. 1998. Androgen metabolism and
prostate cancer: Establishing a model of genetic susceptibility. Cancer
Res 58:4497–4504.

Rothman N, Stewart WF, Schulte PA. 1995. Incorporating biomarkers into
cancer epidemiology: a matrix of biomarker and study design catego-
ries. Cancer Epidemiol Biomark Prevention 4:301–311.

Rupa DS, Reddy PP, Reddi OS. 1991. Reproductive performance in a
population exposed to pesticides in cotton fields of India. Environ Res
55:123–128.

Russell DW, Wilson JD. 1994. Steroid 5� reductase: two genes/two en-
zymes. Ann Rev Biochem 63:25–61.

Siiteri P, Wilson J. 1974. Testosterone formation and metabolism during
male sexual differentiation in the human embryo. J Clin Endocrinol
Metab 38:113–124.

Silver RI, Rodriguez R, Chang TS, Gearhart JP. 1999. In vitro fertilization is
associated with an increased risk of hypospadias. J Urol 161:1954–1957.

Sinnecker GH, Hiort O, Dibbelt L, Albers N. 1996. Phenotypic classification
of male pseudohermaphroditism due to steroid 5 alpha reductase 2
deficiency. Am J Med Genet 63:223–230.

Smith AH, Matheson DP, Fisher DO. 1981. Preliminary report of reproduc-
tive outcomes among pesticide applicators spraying 2,4,5-T. N Z Med
J 93:277–279.

Smith AH, Fisher DO, Pearce N. 1982. Congenital defects and miscarriages
among New Zealand 2,4,5-T sprayers. Arch Environ Health 37:197–120.

Sorenson HR. 1953. Hypospadias with special reference to aetiology.
Copenhagen: Munksgaard. p 94.

Stoll C, Alembik Y, Roth MP, Dott B. 1990. Genetic and environmental
factors in hypospadias. J Med Genet 27:559–563.

Sultan C, Balaguer P, Terouanne B, et al. 2001. Environmental xenoestro-
gens, antiandrogens and disorders of male sexual differentiation. Mol
Cell Endocrinol 178:99–105.

Sutherland RW, Wiener JS, Hicks JP, et al. 1996. Androgen receptor gene
mutations are rarely associated with isolated penile hypospadias.
J Urol 156:828–831.

Sweet RA, Schrott HG, Kurland R. 1974. Study of the incidence of hypos-
padias in Rochester, Minnesota 1940-1970 and a case control compari-
son of possible etiologic factors. Mayo Clin Proc 49:52–57.

Tamura H, Maness SC, Reischmann K, et al. 2001. Androgen receptor
antagonism by the organophosphate insecticide fenitrothion. Toxicol
Sci 60:56–62.

Thigpen A, Davis D, Milatovich A. 1992. Molecular genetics of steroid
5�-reductase deficiency. J Clin Invest 90:799–809.

Thigpen A, Silver R, Guileyardo J, et al. 1993. Tissue distribution and
ontogeny of steroid 5�-reductase isozyme expression. J Clin Invest
92:903–910.

Tut TG, Ghadessy FJ, Trifiro MA, et al. 1997. Long polyglutamine tracts in
the androgen receptor are associated with reduced trans-activation,
impaired sperm production, and male infertility. J Clin Endocrinol
Metab 82:3777–3782.

Van der Werff JFA, Nievelstein RAJ, Brands E, et al. 2000. Normal devel-
opment of the male anterior urethra. Teratology 61:172–183.

Vilchis F, Mendez JP, Canto P, et al. 2000. Identification of missense muta-
tions in the SRD5A2 gene from patients with steroid 5alpha-reductase
deficiency. Clin Endocrinol (Oxf) 52:383–387.

Vorherr H, Messer RH, Vorherr UF, et al.1979. Teratogenesis and carcino-
genesis in rat offspring after transplacental and transmammary expo-
sure to diethylstilbestrol. Biochem Pharmacol 281:1865–1877.

Walsh PC, Madden JD, Harrod MJ, et al. 1974. Familial incomplete male
pseudohermaphrodism type 2. Decreased dihydrotestosterone forma-
tion in pseudovaginal penoscrotal hypospadias. N Engl J Med 291:944–
949.

Wennerholm UB, Bergh C, Hamberger L, et al. 2000. Incidence of congenital
malformations in children born after ICSI. Hum Reprod 15:944–948.

Wilson JD, Griffin JE, Russell DW. 1993. Steroid 5�-reductase deficiency.
Endocr Rev 14:577–593.

Winter RM.1996. Analysing human developmental abnormalities. BioEs-
says 18:965–971.

Zhu Y-S, Ktz MD, Imperato-McGinley J. 1998. Natural potent androgens:
lessons from human genetic models. Bailliere’s Clin Endocrinol Metab
12:83–107.

836 MANSON AND CARR

Birth Defects Research (Part A) 67:825–836 (2003)


